ABSTRACT Hydrogen sulfide-producing bacteria (SPB) can spoil raw animal materials and release harmful hydrogen sulfide (H 2 S) gas. The objective of this study was to apply a SPB-specific bacteriophage cocktail to control H 2 S production by SPB in different raw poultry by-products in the laboratory (20, 30, and 37°C) and greenhouse (average temperature 29 to 31°C, humidity 34.8 to 59.8%, and light intensity 604.8 Wm 2 ) by simulating transportation and a rendering facility. The amount of H 2 S production was determined using either test strips impregnated with lead acetate or a H 2 S monitor. In the laboratory, phage treatment applied to fresh chicken meat inoculated with SPB, spoiled chicken meat, chicken guts, and chicken feathers reduced H 2 S production by approximately 25 to 69% at temperatures from 20 to 37°C. In the greenhouse, phage treatment achieved approximately a 30 to 85% reduction of H 2 S yield in chicken offal and feathers. Among all phage treatments, multiplicity of infection (MOI) of 100 exhibited the highest inhibitory activities against SPB on H 2 S production. Several factors such as initial SPB level, temperature, and MOI affect lytic activities of bacteriophages. Our study demonstrated that the phage cocktail is effective to reduce the production of H 2 S by SPB significantly in raw animal materials. This biological control method can control SPB in raw poultry by-products at ambient temperatures, leading to a safer working environment and high quality product with less nutrient degradation for the rendering industry.
INTRODUCTION
In the United States, over 8 billion animals such as hogs, cattle, and chickens are raised, slaughtered, and processed annually (Meeker and Hamilton, 2006) , resulting in large amounts of inedible by-products such as heads, feet, offal, and feathers. Microorganisms from animal hide/skin, gastrointestinal tracts, and processing equipment can easily contaminate these by-products and cause spoilage due to rapid multiplication at ambient temperature. Spoilage of these by-products is always accompanied by the production of off-odors and off-colors when the bacteria use substrates such as proteins and amino acids (Gram and Huss, 1996) . Some spoilage microorganisms produce hydrogen sulfide (H 2 S) gas during metabolism. When the population of hydrogen sulfide-producing bacteria (SPB) exceeds 7 log cfu/g in raw animal material, the odor of spoilage becomes noticeable (Katikou et al., 2007) . Most importantly, the production of H 2 S in a rendering plant can be hazardous to workers' health due to the toxic nature of the gas.
To control pathogenic and spoilage bacteria in raw animal materials, many preservation methods, such as application of modified atmosphere packaging, lactic acid bacteria, and antibacterial essential oils, have been developed and applied to foods. In addition, chemical agents such as nitrate salts, organic acids, and antibiotics have been employed (Leisner et al., 1996; Ouattara et al., 1997; Saucier et al., 2000) . However, there are no published studies focusing on the biological control of SPB in raw animal by-products.
Bacteriophages were discovered in 1915 and have been used for controlling human pathogens since the 1940s (Alisky et al., 1998) . Although many factors affect the effectiveness of phage treatment such as temperature, multiplicity of infection (MOI), and incident of phage attachment to bacterial cells, some researchers have successfully applied bacteriophages to raw meat to control spoilage microorganisms and extend shelf life of meat products. For example, Greer (1986) applied bacteriophages to control Pseudomonas spp. in beefsteaks and extended its shelf life from 1.6 to 2.9 d. Greer and Dilts (2002) also demonstrated the control of a pork spoilage organism, Brochothrix thermosphacta, with phage treatment. In that study, the shelf life of pork treated with phage was extended from 4 to 8 d compared with control samples. Other studies have demonstrated the successful application of bacteriophages for reducing pathogens in live animals (Smith and Huggins, 1983; Sheng et al., 2006; Atterbury et al., 2007) , fresh produce (Leverentz et al., 2003; Pao et al., 2004) , meat products (Greer, 1988; Whichard et al., 2003) , and ready-to-eat foods (Intralytix Inc., 2006) . However, there is a lack of research on the application of bacteriophages in controlling spoilage bacteria, especially SPB in raw animal materials destined for the rendering process. Therefore, the objective of this study was to develop a SPB-specific bacteriophage cocktail and investigate if such phage treatment can be effective in controlling growth of SPB and reducing H 2 S production in raw poultry by-products destined for rendering.
MATERIALS AND METHODS

Bacterial Culture and Phage Stock Preparation
Five SPB strains (Escherichia coli strains S201 and S203, Citrobacter freundii strain S12, and Hafnia alvei strains S183 and S211) isolated from meat and raw animal by-products were grown overnight in tryptic soy broth (Becton Dickinson, Sparks, MD) at 37°C with shaking (Gong et al., 2013) . Bacterial cells were collected using centrifugation, washed in 0.85% saline, and adjusted to an optical density of 0.5 at a wavelength of 600 nm (approximately 9 log cfu/mL).
In our previous study, SPB-specific phages were isolated from various raw animal products using selected SPB strains as hosts, and characterized through host range determination, restriction enzyme analysis, and transmission electron microscopy (Gong et al., 2013) . Phage stock solutions were prepared according to Heringa et al. (2010) . Prior to each experiment, bacteriophage stocks were incubated at 37°C for 30 min and then diluted to the desired concentrations using SM buffer [100 mmol/L of NaCl, 8 mmol/L of MgSO 4 •7H 2 O, 50 mmol/L of Tris-HCl (pH 7.5)]. Phage titers were determined by the double agar layer plaque assay according to Heringa et al. (2010) .
Based on host range and lytic activity, 9 strains of SPB-specific bacteriophages (211a, 213a, 214a, 214b, 214c, 217a, 218a, 201a , and 12a) were selected and mixed at equal amounts as the bacteriophage cocktail, which was used at an MOI of 1, 10, and 100 for laboratory experiments and 1,000 for the greenhouse study.
Quantification of H 2 S Production
Hydrogen sulfide production was quantitatively detected by a test strip impregnated with lead acetate (PbAc, Acros, Fair Lawn, NJ). A sterile No. 2 filter paper (Whatman, Piscataway, NJ) was cut aseptically into 10 × 90 mm strips. The PbAc solution (stock of 0.4 g/mL) was applied to the surface at desired concentration and dried inside a biological safety hood (Labconco, Kansas City, MO). The black length of the strips was measured using a ruler from the outside of the tubes at predetermined intervals.
To convert the blackened length of the test strip to the amount of H 2 S absorbed, the H 2 S adsorbed in each filter paper strip was quantified using an iodine titration method (O'Sullivan et al., 2005) . The titration curve was constructed with blackened length (mm) of test strip as the x-axis and amount of H 2 S (µg) as the y-axis. Correlation factors were determined by regression analysis in Excel (Microsoft, Redmond, WA).
Preparation of Raw Poultry By-Products
Raw chicken meat near the expiration date was acquired from a local grocery store. Raw chicken offal and feathers were collected from the Valley Protein rendering facility (Ward, SC) and Amick poultry processing plant (Batesburg-Leesville, SC). Collected raw materials were stored at −20°C and thawed overnight at 4°C before use. Raw chicken meat and offal were aseptically homogenized (blender model 51BL30, Waring, Torrington, CT) with 0.85% saline in a ratio of 1:5 (wt/vol), and chicken feathers were cut aseptically into small pieces.
Relationship Between H 2 S Production and SPB Population
Ground chicken offal (1 g) was added to each test tube (13 × 100 mm) in which a H 2 S detection strip was fixed onto the center of screw cap top without touching the tube wall. Sixteen tubes were incubated at 30°C. The lengths of blackened strips were recorded at selected sampling intervals and converted to the amount of H 2 S production based on the titration curve of PbAc at the desired concentration. At the same sampling intervals, the SPB population was enumerated by plating on tryptic soy agar (TSA) H 2 S agar. For each experiment, 2 trials were conducted at separate times.
Phage Challenge Study with Different MOI
A 100-µL mixture of 5 selected SPB strains were added into 800 µL of blended chicken meat to a final concentration of approximately 10 4 cfu/mL and mixed thoroughly using a vortex mixer (VWR, West Chester, PA). Twenty-four tubes were divided into 3 groups and incubated at 20, 30, or 37°C. For each temperature, 100-µL of either bacteriophage cocktail with MOI of 1, 10, and 100 or SM buffer washed from TSA plate were added into duplicate tubes and mixed with SPBinoculated raw meat. A H 2 S detection strip was used to measure H 2 S production in each tube as described above.
Modified Mason Jar Preparation
To study the phage treatment of raw chicken offal and feathers in the greenhouse, modified Mason jars (Ball, Daleville, IN) were constructed to accommodate large sample volumes. Briefly, a trimmed 25-mL pipette was fixed onto a 1-L Mason jar and the gap between the lid and the pipette was sealed with silicon glue (GE, Huntersville, NC). A test tube cap was put on the top of the pipette and sealed with Parafilm (Pechiney, Chicago, IL) to allow sampling of H 2 S at predetermined intervals.
Greenhouse Study
For the rendering industry, transportation of raw processing by-products from poultry processing plants to the rendering facility occurs under ambient conditions. Therefore, the greenhouse is a suitable setting for conducting the phage treatment experiment. To simulate the transportation of raw poultry by-products, a greenhouse study was performed from April to October 2010. In a greenhouse facility, the maximum temperature was set to 30.5°C (approximately 3-4°C less than outdoor temperatures during the summer), which was recorded by a remote monitoring system (Argus Control System Ltd., White Rock, British Columbia, Canada) as well as the humidity of the experimental unit. Daily light intensity inside the greenhouse was set to 700 W•m −2 and monitored by a LI-COR pyranometer (Argus Control System) during all experiments. Occasional shading, forced ventilation, and evaporated cooling were used to meet the criteria for the greenhouse setting.
To each modified Mason jar, 450 mL of blended chicken offal or 90 g of cut feathers was added, and mixed with 50 and 10 mL of phage cocktail for each treatment group, respectively. An equal volume of SM buffer previously added onto the surface of a TSA plate and recovered from the plate was added to the control jars. Plate enumeration on H 2 S-TSA plates was employed to determine the SPB population. In the trials of ground chicken offal and feather, 2 different H 2 S measuring methods [i.e., H 2 S monitor (Gasbadge Plus, Industrial Scientific, Oakdale, PA) and PbAc test strip] were used to determine the amount of H 2 S production. All the samples in the modified Mason jars were kept in the greenhouse for 12 h. For each experiment, the second trial was conducted immediately following the end of first trial. Therefore, each data point represented 4 individual values.
Statistical Analysis
Bacterial count data were converted to log 10 cfu per milliliter or grams for statistical analysis. An ANOVA for a completely randomized design was conducted to determine if general differences existed between treatment means using the GLM procedure. Specific comparisons among different phage treatments were accomplished with Tukey's test. All statistical analyses were performed using Statistical Analysis System 9.1 (SAS Institute Inc., Cary, NC).
RESULTS
PbAc Test Strip Titration
By titrating the PbS formed on the test strip, titration curves and equations were obtained for 3 PbAc concentrations (0.05, 0.5, and 10%) relating the blackened length of the test strips to the amount of H 2 S absorbed (data not shown). For the test strips impregnated with 0.05, 0.5, and 10% (wt/vol) PbAc, the equations were y = 0.7111x + 0.2099, y = 0.6647x − 0.5576 and y = 12.391x − 6.7074, respectively. The correlation factors for 0.05, 0.5, and 10% PbAc test strips were 0.9992, 0.9905, and 0.9988, respectively.
Relationship Between H 2 S Production and SPB Population
The initial SPB population of blended chicken offal samples was determined as approximately 4 log cfu/g (Figure 1 ). From 0 to 2 h, the growth of SPB was in a lag phase. From 2 to 8 h, SPB population began to increase exponentially at the growth rate of 0.67 log cfu/g/h. However, no H 2 S production was detected by test strip during lag and log phases. When the growth of SPB entered stationary phase at 10 h, rapid H 2 S production was observed. From 10 to 14 h, H 2 S production increased rapidly at the rate of 3.7 µg/h, whereas the SPB population stayed at the same level. 
Bacteriophage Treatment of Artificially Inoculated SPB in Raw Chicken Meat
Raw chicken meat, inoculated with 5 selected SPB strains (10 4 to 10 6 cfu/mL), was treated with the bacteriophage cocktail at MOI of 1, 10, and 100 at 20, 30, and 37°C (Table 1; Figure 2 ). Hydrogen sulfide production was detected by the test strip assay after 4 h of incubation at 37°C in control samples, and 5 h with phage-treated samples (Figure 2A) . After 24 h of incubation, samples treated with phages at different MOI values (1, 10, and 100) produced approximately 65 to 80% of the H 2 S produced by the control sample with an MOI of 100 yielding the least amount of H 2 S (P < 0.05).
At 30°C, H 2 S production was detected by the test strip after 7 h of incubation in the controls ( Figure  2B ). With the bacteriophage treatments, H 2 S production was delayed by 1 h. Phage treatment with an MOI of 100 reduced the H 2 S amount by up to 47% within 24 h compared with the control sample. Similar to 37°C, phage treatments with an MOI of 100 yielded the least amount of H 2 S compared with MOI of 1 and 10 (P < 0.05).
Because SPB exhibit slow metabolic activity at low incubation temperatures, relatively high inocula of 10 5 or 10 6 cfu/mL of selected SPB were added into chicken meat and incubated at 20°C for H 2 S measurement. The time before H 2 S production became detectable in the control sample was extended to 10 h at 20°C ( Figure  2C ). With the phage treatment, H 2 S production was detectable after 11 h. When compared with the control, phage treatment at MOI of 1, 10, and 100 reduced H 2 S production by 55, 69, and 69%, respectively. Even though the initial population of SPB was increased to 10 6 cfu/mL close to the level in spoiled meat, there was a 55% reduction in H 2 S production with phage treatment ( Figure 2D ). However, the phage treatment could not delay the time at which H 2 S was first detectable at 8 h of incubation.
Bacteriophage Treatment of Indigenous SPB in Raw Poultry By-Products
To validate if the current phage cocktail was effective against naturally occurring SPB in meat products, the indigenous SPB in chicken meat were allowed to multiply at room temperature to 4 to 5 log cfu/g before phage treatment (Table 1; Figure 3 ). In the presence of 4 log cfu/g of indigenous SPB, the initial time for H 2 S detection was after 5 and 8 h of incubation in both control and phage treatment samples at 37 and 30°C, respectively ( Figure 3A-B) . However, after 14 h incubation, the total yields of H 2 S production were 25 and 57% lower in the samples treated with phage cocktail with an MOI of 100 at 37 and 30°C, respectively. The H 2 S release rates were different between the samples at 37 and 30°C, and also between the samples with or without phage treatment (P < 0.05). In the log phase Values are initial populations of SPB (log cfu/mL or g) inoculated or naturally occurring in a sample matrix. of H 2 S production, H 2 S was produced at 0.8 µg/h in control samples, which was 2.4 times the average rate of samples treated with phages at 30°C. The H 2 S release rate increased to 4.1 µg/h in control samples at 37°C, a rate that was 1.2 times of the average rate of 3.3 µg/h with phage treatment. For the phage treatment of chicken offal with 4 log cfu/g of indigenous SPB at 30°C, H 2 S production was delayed by 2 h compared with the control sample (Figure 3C ). At an MOI of 100, phage treatment resulted in a 56% reduction of H 2 S production up to 14 h of incubation as compared with 38 and 53% in samples treated with MOI of 1 and 10, respectively. For the phage treatment of chicken feathers with 6 log cfu/g of indigenous SPB at 30°C, H 2 S production of both control and treatment samples was detected after 5 h ( Figure 3D ). At an MOI of 100, phage treatment resulted in a 62% reduction in H 2 S production after 14 h of incubation compared with 40 and 58% in samples treated with MOI of 1 and 10, respectively.
Bacteriophage Treatment of Indigenous SPB in Chicken Offal and Feather in the Greenhouse
To simulate the transportation of raw poultry byproducts to a rendering plant under uncontrolled condition, a greenhouse study was performed using chicken offal and feathers as raw materials (Table 1; Figure  4 ). In the greenhouse study, environmental parameters including temperature, humidity, and global light energy of each trial were recorded by a remote monitoring system every 15 min during the 12-h trial from 0900 to 2100 h (data not shown). The average temperature in the trials of chicken offal and feathers were 29.0 and 31.0°C, respectively, and 34.8 and 59.8% average humidity was recorded, respectively. The average global light energy was 604.8 in the trials of chicken feathers, but was not available in the chicken offal trial. Due to the large sample size required for the greenhouse study, H 2 S test strips being used in laboratory experiments were inadequate to measure large amounts of H 2 S. Therefore, 2 H 2 S measurements [i.e., H 2 S test strip with higher PbAc concentrations (0.5 and 10%) and a H 2 S monitor] were evaluated.
For chicken offal with an initial SPB population of 6 log cfu/g, phage treatment with an MOI of 1,000 for 12 h reduced H 2 S production by 30 and 85% based on measurements with test strip and H 2 S monitor, respectively ( Figure 4A ). There was a 0.4 log reduction in SPB with phage treatment. For phage treatment of chicken feathers with an initial SPB population of 7 log cfu/g, phage treatment with an MOI of 100 for 12 h reduced H 2 S production by 54 and 30% using the measurements of test strip and H 2 S monitor, respectively. There was a 0.2 log reduction of SPB population with phage treatment. 
DISCUSSION
The present study demonstrates that the amount of H 2 S produced in raw meat was dependent on SPB growth phase and population. The earliest times H 2 S could be detected by test strips and H 2 S monitor was negatively correlated with an increase in SPB populations. The lowest SPB population required for H 2 S detection was approximately 7.5 log cfu/g of raw meat (Figure 1 ). High correlation factors (R 2 > 0.99) obtained from PbAc test strip titration indicated that the blackened length of the test strips detected the correct amount of H 2 S being absorbed. Therefore, the PbAc test strip method can be considered as a quick, reliable, and cheap method for measuring low H 2 S production levels in the range of 0 to 20 µg.
The H 2 S monitor used in this study is a widely used piece of safety equipment in the rendering industry to monitor H 2 S level and alert workers when H 2 S concentrations increase to unsafe levels. The meter has a minimum detection limit of 0.1 ppm H 2 S and provides accurate measurements of H 2 S production in the range of 0.1 to 500 ppm H 2 S. However, in the greenhouse study, the results of H 2 S reduction obtained from test strips and the H 2 S monitor were quite different ( Figure  4A-B) . The possible explanation is that the test strip may be saturated with H 2 S generated in chicken offal samples due to the higher H 2 S production of 50 to 300 µg, whereas for the chicken feather samples, the H 2 S monitor may not pick up the H 2 S signal because of the low H 2 S level of 0 to 20 µg. These results emphasize the H 2 S detection method needs to be carefully chosen based on the level of H 2 S released. Although the values of H 2 S reduction obtained using test strip and H 2 S monitor were not consistent in different trials due to their own limitation in sensitivity, the overall trend of H 2 S reduction by phage treatment has demonstrated the effectiveness of this biological control method, which was confirmed by plate enumeration of SPB population in each trial. Based on the relationship between H 2 S production and SPB population (Figure 1 ), it is clear that H 2 S production started at the beginning of the stationary phase of SPB growth. A possible explanation is that at the beginning of incubation, the SPB population was as low as 4 to 5 log cfu/g and oxygen levels were relatively high; therefore, facultative anaerobic SPB respired aerobically. When the SPB grew to the stationary phase, the SPB population was high (>7.5 log cfu/g) and most of the oxygen had been used up during logphase growth of SPB and sulfur could now be used as terminal electron acceptor resulting in rapid H 2 S production. This relationship between H 2 S production and SPB population could also explain the effectiveness of phage treatment in raw animal materials. Phage treatment not only extended the lag phase of SPB growth but also decreased the growth rate during the exponential phase. Thus, H 2 S production by SPB started later with a lower yield in phage-treated samples compared with control samples.
Multiplicity of infection is considered to be an important factor determining the effectiveness of phage treatment. Normally, phage treatment with higher MOI has stronger lytic activities on bacterial cells than lower MOI (Leverentz et al., 2003; Sheng et al., 2006; Abuladze et al., 2008; Heringa et al., 2010) . In our study, all tests conducted in the laboratory revealed a dosedependent response for the lytic activity of bacteriophages. In the trials with raw chicken meat, chicken offal, or feather, phage treatment with an MOI of 100 achieved a higher reduction of H 2 S than samples treated with MOI of 1 and 10. Many studies focusing on phage applications used phage cocktails with MOI of 1 to 1,000 also observed a dose response effect with respect to the MOI (Leverentz et al., 2003; Sheng et al., 2006; Abuladze et al., 2008; Heringa et al., 2010) . Several other studies used high MOI of 10 4 to 10 6 to reduce pathogens in broilers (Huff et al., 2003 708 GONG ET AL. et al. (2008) , phage treatment with an MOI of 1 was found to be more effective than higher MOI of 10 and 100 in the gastrointestinal tract of sheep, possibly due to the "lysis from without" phenomenon (Sulakvelidze, 2005) . When a bacterium is infected with multiple phages simultaneously, the bacterial cell would be lysed by cell wall degradation instead of phage replication. Thus phages are unable to maintain a self-sustaining chain reaction when host cells cannot multiply.
Incubation temperature was a critical factor affecting SPB growth and lytic activities of bacteriophage (Table 1 ). The SPB grew faster at 37°C than at 30 or 20°C, resulting in reduced effectiveness of phage treatment. For example, in raw chicken meat inoculated with SPB, phage treatment reduced H 2 S production by 35, 47 to 57, and 71% at 37, 30, and 20°C, respectively. The growth rate of SPB as the host was lower at 20°C compared with 30 or 37°C; thus, phages have more time to contact and lyse the target bacterial cells. Therefore, to reduce the growth of SPB and maximize the bacteriophage treatment, it is essential to control the temperature of raw animal by-products during transportation and storage. Furthermore, when more bacterial cells are propagated at 37 or 30°C, possible development of bacteriophage insensitive mutants (BIM) can diminish the inhibitory effect by phage treatment. The BIM can be induced as long as the phage treatment is applied (Alisky et al., 1998) , and sometimes the regrowth of BIM even reached a higher level compared with the control (Heringa et al., 2010) . Studies found in most situations that a single phage was not sufficient to eliminate an entire bacterial population in broth; therefore, a phage cocktail was necessary and important to prevent adverse effects from the development of BIM (O'Flynn et al., 2004; McLaughlin, 2007) .
Compared with phage treatment in inoculated meat (Table 1, Figure 2) , the lag phase extension of H 2 S production was not observed in samples with indigenous SPB except for chicken offal samples ( Figure 3A-D) . Although our results have demonstrated that the 5 selected SPB strains used in this study were predominant SPB strains and strong H 2 S producers in raw poultry by-products, our phage cocktail may not be able to inhibit all species of indigenous SPB in spoiled chicken meat and poultry by-products, especially when a large initial population of indigenous SPB was present in these samples and H 2 S was produced immediately without lag phase extension at 30°C. Similar results in previous studies reported a variety of inhibitory effects ranging from none to 99% reduction by bacteriophages (Greer and Dilts, 1990; Goode et al., 2003; Higgins et al., 2005) . Moreover, the low inhibitory effect of phage treatment on naturally contaminated samples may be attributed to the relatively small library of bacteriophages, which also emphasizes the importance of developing a bacteriophage cocktail having a broad host range. In agreement with their studies, we also observed that phage treatment could not eliminate all SPB species, especially naturally contaminated SPB, which may not be within the host range of phage cocktail used in this study.
In conclusion, this study applied a bacteriophage cocktail to control the growth of SPB, consequently reducing H 2 S production in raw poultry by-products destined for the rendering process. The effectiveness of phage treatment was positively correlated with the MOI. Due to a variety of indigenous SPB species existing in raw poultry by-products, the host range of phage is considered as a critical factor for phage treatment and our results demonstrated our phage cocktail was effective against the predominant indigenous SPB in tested raw poultry samples. Although the current bacteriophages cocktail cannot eliminate the production of H 2 S by SPB completely, it can delay and reduce the harmful gas production significantly to a relatively low level, especially in combination with low temperature storage.
